The oxidation resistance of nickel based superalloys is strongly dependent on the composition and adherence of the oxide scale formed during exposure to an oxidizing environment. Cyclic oxidation testing was conducted on advanced nickel based superalloy single crystal test bars, modified with additions of elemental yttrium.
Backaround
The oxidation resistance of nickel based superalloys is strongly dependent on the composition of the oxide scale formed during exposure to an oxidizing environment.
For adequate protection from the atmosphere of a gas turbine engine, alumina (AI,O,) forming superalloys are preferred over chromia (Cr,O,) formers. Alumina will not volatilize at typical gas turbine operating temperatures (i.e., > 1100°C) and will strongly bond to the underlying superalloy. However, even low concentrations of tramp elements such as sulfur in the alloy can severely degrade oxidation resistance. "J) At elevated temperatures, diffusion of these elements to the oxide/alloy interface will severely weaken the bond at this interface causing rapid scale exfoliation.
Yttrium additions have been shown to dramatically improve the oxidation resistance of nickel based superalloys, although the exact mechanism is not fully understood.'"5'
It has been theorized that yttrium reacts with sulfur in the alloy forming innocuous compounds which prevent the diffusion of these elements to the oxide/metal interface.r5' Consequently, it is the objective of this research to characterize the interactions between yttrium, sulfur, and phosphorous during cyclic oxidation of an advanced nickel based superalloy.
Materials and Procedures
Single crystal test bars (I .27 cm dia.) of an advanced nickel based superalloy, PWA 1484, were cast using conventional foundry ceramics and equipment. The nominal composition of PWA 1484 is shown in Table I . Elemental yttrium was added to the alloy ingots at the casting unit prior to melting in the following concentrations: 0, 20, 200, 500, 1000, 1500, and 2000 ppm. The molten alloy was heated to 1510°C and then poured into a mold which was also heated to 1510°C.
The mold was withdrawn from the hot zone at 25.4 cm/h. Chemical analyses were performed on representative test bars from each mold. All material was solution treated and aged using conventional parameters for this alloy. Cyclic oxidation tests were performed on the alloy ingots and fully heat treated castings using the following cycle: 1 177" C/23h/air + 23 o C/l h/air. Four samples per condition were evaluated. Samples from the alloy ingots measured approximately 0.95 cm x 0.95 cm x 2.54 cm., while those from the castings were 1.27 cm dia. x 2.54 cm long. Test specimens were weighed and visually inspected every 24 hours. The cyclic oxidation tests were continued until the specimens had been exposed for 504 hours. Weight change (mg/cm') versus time plots were developed from the data.
Electron microprobe evaluations were also conducted to characterize the effects of sulfur in the castings. X-ray mapping was used to determine the interactions between yttrium, sulfur, and other alloying elements.
Results
Chemical analyses showed that all single crystal test bars met current specifications for PWA 1484. Table II lists the results of the chemical analyses for yttrium and sulfur. In all the test bars, only 10% of the yttrium added to a given ingot was retained in the final casting. The average sulfur contents were unaffected by the concentration of yttrium added or retained and did not appreciably increase as a result of processing with conventional ceramics and equipment. Figure 1 illustrates the results from the 504 hour cyclic oxidation testing on the yttrium modified PWA 1484 castings. Excellent oxidation resistance was observed for those specimens with a 200 to 2000 ppm Y addition, while test bars with a 0 or 20 ppm Y addition showed significant weight losses. The oxide scale formed on the former specimens had a blue tint and was adherent. The scale on the latter specimens was black, spalled readily, and had areas which appeared glassy. These glassy areas were found to be predominantly nickel and chromium rich and spalled rapidly. yttrium additions or had an addition below 200 ppm, sulfur was observed to be present at the oxide/alloy interface, Figure 3a . In the micrograph shown, the oxide is almost completely separated from the alloy and ready to spall off. Conversely, significant yttrium diffusion to the oxide/alloy interface was observed in test bars which had yttrium additions greater than 200 ppm, Figure 3b . Where sulfur had diffused to the oxide/alloy interface in these test bars, Figure 3c , yttrium was found to have tied up this element. The oxide scales in these latter test bars are adherent.
Discussion Table II indicates that only 10% of the yttrium added to the alloy was retained in the test bars with no appreciable variation in sulfur content. Previous research@' suggests that yttrium is reacting with and being absorbed by the ceramic mold but is not removing sulfur from the alloy. The low yttrium also could result from volatilization of this element during vacuum induction melting. Thermodynamic calculations'7' indicate that the equilibrium yttrium vapor pressure above the liquid is approximately 17 pm. However, since the casting chamber is continually evacuated, equilibrium would not be reached. Consequently, yttrium volatilization would occur continuously during single crystal solidification.
Figures 1 and 2 show that a minimum 200 ppm yttrium addition is required to improve the cyclic oxidation resistance of PWA 1484 test bars. Figure 3 indicates that yttrium improves oxidation resistance by tying up sulfur at the oxide/alloy interface and/or improving the bond between the alloy and the protective oxide scale. Thermodynamic data indicate that yttrium oxysulfide (Y,O,S) is the most stable sulfur bearing compound formed by these elements'*~'O'. Therefore, to completely tie up all the sulfur in the alloy would require a retained yttrium content equal to six times the sulfur concentration of the alloy (on a weight percent basis). Based on the chemical analysis results, the minimum required yttrium addition would be 60 times the sulfur content.
Since the average sulfur content is 2 to 3 ppm, the minimum yttrium addition required is approximately 120 to 180 ppm. This is consistent with the data presented above.
Figures 1 through 3 and Table II also suggest that the retained yttrium content of the test bars is more important than the amount of yttrium added during casting. The oxidation results for the test bars with additions of 20 ppm (2 ppm retained) and 200 ppm (19 ppm retained) yttrium indicate a significant improvement in the oxidation resistance of the latter test bars. Since yttrium appears to be tying up sulfur at the oxide/alloy interface, having sufficient retained yttrium (i.e., six times the sulfur content) in the alloy would be necessary for excellent oxidation resistance.
If, on the other hand, a yttrium addition equal to six times the sulfur content was sufficient to tie up all the sulfur at the oxide/alloy interface, then the oxidation resistance of these two groups of test bars would be expected to be similar. Clearly, this is not the case, indicating the retained yttrium content is of greater importance. Conclusions 1. Yttrium retention in single crystal PWA 1484 test bars was extremely low (< 10%). This is the result of reactions between the molten alloy and foundry ceramics and yttrium volatilization during melting and solidification.
2. The oxidation resistance of PWA 1484 test bars is dramatically improved by the addition of greater than 200 ppm yttrium. The minimum yttrium addition required is approximately equal to sixty times the sulfur content of the alloy.
